To det.ermine the scop e of the rc~ction of zinc oxide with iso mers of eugenol, t he effect of change~ I.n the posltl<;ln of the substltuents in the benzene ring on the ionization co nstants and reactivity of these Isomers has been studied.
Introduction
Mixtures of zinc oxide and 4-allyl-2-methoxyphenol (eugenol) harden to form a product that consists of zinc oxide embedded in a matrix of zinc eugenol ate chelate [1] .1 To determine the scope of this reaction it appeared of interest to study how changes of tho p osition of substituent groups in eugenol affect the behavior of the isomers as evidenced by thcir ionization constants, absorption sp~ctra, hydrogen bonding and reactivity with zinc OXIde. The absorption spectra studies will be discussed in a subsequent paper.
Experimental Procedures and Results

.1. Materials
The eugenol isomers that arc commercially available-4-allyl-2-methoxyphenol, 2-methoxy-5-propenylphenol (isochavibetol), and trans-2-methoxy-4-propenylphenol (trans-isoeugenol)-were redistilled or recrystalized; the final boiling or melting points agreed with those given in the literature.
The synthesis of 3-ally!-2-methoxyphenol, 3-allyl-5-methoxyphenol (chavlbetol), 6-allyl-2-methoxyphenol (a-eugenol), and 2-methoxy-4-propenylphenol has been described previously [2] . p-Allylphenol (chavicol) and p-propenylphenol (anol) were synthesized. from p-allylanisole (estragole) and p-propenylalllsole (anethole) by demethylation with methyl magnesium iodide. The procedures were similar to those employed by Schopf and coworkers for the demethylation of 4-allyl-1,2-dimethoxybenzene . (methyleugenol) [3] . 2-Methoxy-6-propenylphenol (o-isoeugenol) was prepared by the method of Pal'gi [4] . p-Allylbenzoic and p-pro- 1 Figures in brackets indicate the literature references at the end of this paper· penylbenzoic acids were synthesized from p-dibromobenzene through a series of r eactions described by Quele t [5, 6] . . . The m-allylbenzoic acid was synthesized by modiymg the procedure given by Quelet for the paraIso~er [5, 6]. To 5.8 g (0.24 gram atom) of magneSllUl1 and a few crystals of iodine 50 m l of e ther was added and the solution was r~fluxed until the pmpl.e color changed to pale green (approximately 30 nun) . Then 50 g (0.21 mole) of m-dibromobenzene in 50 ml of ether was added and the solution refluxed for 2 hI' when most of the magnesium h~d react.ed. Allyl bromide (20 ml, 0.24 mole) dIssolved 111 25 ml of ether was added dropwise with coolIng to keep the temperature of the reaction mixture between 5 and 15°C. After refluxing for 18 hI', the GrignaI'd reagent was decomposed with saturated ammonium chloride adjusted to pH 8 with NH40H, the ethel' was evaporated, and the residue was steam distilled. Sodium chloride was added to the distillate, the product was separated from the water and dried over calcium chloride. The mbromoallylbenzene containing traces of dibromobenzene distilled at 76-78 °C/6 mm, nD 30 = 1.549. Yield: 22 g (47%).
The aeid was prepared from m-bromoallylbenzene ~s follows: To 0.92 g magnesium (0.038 gram atom) 111 25 ml of ether a few crystals of iodine were added and the mixture refluxed until the iodine color disappeared. After addition of 7.0 g (0.0355 mole) m-bromoallylbenzene dissolved in 25 ml of ether the mixture was refluxed for 24 hI' cooled to 5 0c' d d
. "
a~ ry Ice was ftdded over a 4-hr period. The mIxture was poured onto crushed ice, 100 ml of 10 percent HCI was added, and . the ether layer was separated and extracted with dilute sodium bicarbonate. The extract was acidified and the precipitate extracted with ether. The yellow solid obtained on evaporation of the ether was recrystallized from water and dilute ethanol yielding 0.9 g (16 %) of m-allylbenzoic acid, mp 61-62 °0.
Anal: Oalcd. for 0 1OH 100 2 : 0,74.05; H, 6.2; neut. equiv. 162.2. Found: 0, 74.2; H, 6.3; neut. equiv. 161.1.
By modifying the synthesis given for the para isomer [5, 6], m-propenylbenzoic acid was obtained through the following reaction steps:
The m-bromophenylmagnesium bromide was prepared as described above. The mixture was cooled to 5 °0 and 14 g (0.24 mole) of propionaldehyde in 50 ml of ether was added dropwise with stirring to keep the temperatme of the highly exothermic reaction between 5 and 12 °0. The mixtme was kept overnight at room temperatme and was decomposed with crushed ice. Then 100 ml of 10 percent HOI was added. The water layer was separated and extracted with ether. The ether extracts and original ether layer were combined, dried with anhydrous sodium sulfate, and the ether was evaporated off. On distillation at 123-128 °0/6 mm there was obtained 20 g (44 % yield based on m-dibromo- The l-(m-bromophenyl)pl'opene (3.0 g, 0.015 mole) was converted to the acid by refluxing it with 0.39 g (0.016 gram atom) magnesium and 25 ml of ether for 3 days and subsequent addition of dry ice. The m-propenylbenzoic acid was recovered from the reaction mixture as described in the preparation of m-allylbenzoic acid.
After recrystallation from acetic acid-water and ethanol-water the colorless needles melted at 104.5-105.5 °0. Yield: 0.5 g (21 %). 
Ionization Constants
The thermodynamic ionization constants of eugenol isomers and related phenols were determined spectrophotometrically according to the procedme of Robinson and Biggs [7] . This method depends upon the fact that the ultraviolet absorption spectrum of a weak acid is often markedly dependent on pH; that is, in an alkaline solution one obtains the spectrum of the negatively charged anion of the acid whereas in an acidified solution one measmes the spectrum of the uncharged molecule of the weak acid. Thus a range of wavelengths can be found in which the anion is highly absorbent and the uncharged molecule shows little if any absorption. All measmements were made with a Beckman DU spectrophotometer thermostated at 25.0 ± 0.1 °0.
The optical density at a specific waveleng th wa s studied in acidic (O.lN HOI) and alkaline (O.lN N aOH) media as well as solutions that had been [11] ) at 25 00. These buffers were chosen since the pH of the resulting solu tions appeared to be in the neighborhood of the expected pK values of the acids.
The negative logarithm of the thermodynamic ionization constant is given by:
The degree of ionization can be calculated from the optical density D of the buffered, acidic, and basic solutions.
The values of 'YA-, the activity coefficien t of the anion, were obtained from the equation
where 1= ionic strength [12] . The values of -log 'YAwere 0.102 and 0.077 for the 0.25M and O.01.M carbonate and 0.217 and 0 .0418 for the 0.100M and 0.019391\1£ sodium acid succinate-sodium chloride buffer solutions.
The concentration and wavelengths that would be most favorable for the determination of the ionization constant were obtained by scanning the absorption cmve of the acidic and basic solution of each phenol in the 270 to 330 mIL region and of the acids in the 230 to 330 mIL region. The concentrations employed varied from 7 X 10-5 to 3.5 X 10-4 M.
The propenylbenzoic acids were insoluble in O.lN HOl and thus could not be determined by the spectrophotometric method. The apparent and thermodynamic pK values of the propenyl-and allyl-benzoic acids were therefore determined potcntiometrically at 25.0 ± 0.1 00. A 40 ml 1: 1 (by volume) abs. ethanol-water solution of the acid of 2.75 to 5.50 X lO-3 molar concentration was titrated in a nitrogen atmosphere with carbonate free (approximately 0.025N) 50 percent ethanolic sodium hydroxide employing an automatic constant ra~e microburette (Sargcnt, Model 0). The change m pH was followed using a Radiometer pH meter (Model 22) with scale expander which was standardized each day against aqueous 0.05M potassium acid phthalate (pH = 4.010) and Beckman concentrated buffer solution diluted 24 to 1 (pH = 7.000 ).
The pH was measmed in the buffer region where the degree of ionization is between 25 and 75 percent and also in the vicinity of the end point. The precise end point was obtained by plotting II pH/ll ml versus ml of N aOH added and taking as the end poin t the number of ml of N aOH at which .6. pH/.6. ml is a maximum. The thermodynamic pH.. values were calculated using the followin g equation: Th8 constants A and B depend on the solvent composition and were calculated from the expression given by Bates [13] . A = 1.825 . 10 6 (eT) -3/2 B = 1.5 (78 .3/e) l / 2 wher ;) T = absolute temperature and e= diclectric constant of t he solvent which was q,btained by interpolation from the valu es given by AkerlOf [14] .
A Royal comput~r was used to calculate the pK values. The standard deviation was about 0.004 pK units for one titration and the standard deviation between differen t run s was wiLhin 0.02 pK units.
The degree of ionization and Lh e Lhermodynamic pK values obtain ed from the optical density measurem ents are given in table ] . The pK valu es are considered to b e accmate within ± 0.02 pK units except for p-propenylphenol and m-allylbenzoic acid sin ce the latter compounds were not stable in the buffer ed or basic solution s. The pK valu es of the allyl and propenyl su bstitu ted guaiacol s in cr ease in the following order: 3-substituted < 5-substituted < 4-substitu ted < 6-substitnled guaiacol. 
Thermodynamic ionization constants oj all yl-and propenyl substituted phenols and benzM'c acids
Phe noL ________________________ The presence of an allyl group usually decreases the ionization since this group furnishes electrons to the benzene ring. However, the proximity of an allyl or propenyl group ortho to the hydroxy group hinders the r emoval of a proton. Thus 6-allyl-2-methoxyphenol and 2-methoxy-6-propenylphenol have lower 'onization constants than their respective position Isomers. The small magnitude of the inductive effect of the allyl group is indicated by the very slight change in the ionization of 5-allyl-2-methoxyphenol, pK= 1O.02 (where the allyl group is meta to the hydroxyl group and exerts little if any steric and resonance effects) as compared to guaiacol, pK= 9.98 . 3-Allyl-2-methoxyphenol (3-allylguaiacol) has a slightly lower pK value of 9.92. Here agam the allyl group is meta to the hydroxyl group, but the proximity of the allyl group to the m ethoxyl group may cause some electronic interaction. In 4-allyl-2-methoxyphenol the p-allyl group supplies electrons to the conjugated system and the pKvalue of 10.19 is larger than that of 5-allyl-2-methoxyphenol (pK = 10.02).
Benzoic acicL _______________ ___ ------------------------------------------------------------
Replacement of the allyl group of the position isomers of eugenol by the propenyl group lowers the respective pK values by 0.12 to 0.31. In part the acid strengthening characteristics of the Plopenyl group (which has a 7T' bond conjugated with the benzene ring) especially in the para position are due to the resonance interaction with the phenolic hydroxyl (2;roup which increases the stability of the phcnoxide
IOn.
The apparent and thermodynamic ionization constants of the m-and p -allyl and propenylbenzoic acids in 50 percent ethanol-water are given in table 2. From these values the (J' values of the Hammett equation log (k /ko) = (J'p can be calculated. In this equation, which relates the reactivity of the side chain of an aromatic compound and the nature of the substituent, k and ko are rate or equilibrium constants for reactions of the meta or para substituted and unsubstituted compound respectively, 0' is the substituent constant which depends on the nature and position of the substituent and p is the reaction constant which depends on the reaction and reaction conditions. The substituent constants for m-and p-allyl and propenyl groups (table 2) ((J'm=--0.04, (J' p= --0.15 ) and n-C3H 7((J'v = -0.13) groups [16] . Differences in the sigma values for propenyl and allyl groups should be a measure of the increased resonance interaction contributed by the 7T' bond of the propenyl substituent which is conjugated with the benzene ring.
The O'p value of the allyl group (--0.14) was the sam e when calculated from the thermodynamic pK values of the respective substituted benzoic acids and phenols in water. A slightly lower (J' p value of --0.08 was obtained from the apparent ionization constant in 50 percent ethanol. Solvation effects may account for this difference of (J' p in the two solvents. Generally, the Hammett equation is not applicable to substituents in the ortho position of the benzene ring. However, previous investigations have shown that for a few reaction series of unsymmetrically trisubstituted compounds, such as 4-and 5-substituted toluic acids [17] [18] [19] , with the same substituent in the ortho position relative to the reactive group throughout the series, the reaction parameter is constant within experimental error.
Thus for the o-methoxyphenol (guaiacol) series the Hammett equation can be written :
where pK,; = -logarithm of the ionization cons tan t of guaiacol pK:G= -logarithm of the ionization constant for the substituted guaiacol pG= reaction constant for the ionization of the guaiacol derivative. Although there is hydrogen bonding between the hydroxyl and adjacent methoxyl gTOUp in guaiacol, the influence of the ortho methoxyl group on the ionization of the phenolic hydroxyl group is small and of importance only when the coplanarity and resonance of the molecule are concerned [20] . Thus guaiacol, 4-allyl-2-methoxyphenol, and 2-methoxy-4-propenylphenol are only slightly more acidic than phenol, 4-allylphenol, and 4-propenylphenol, respectively (table 3) . Furthermore, the sigma values T ABLE 3. for the 4-allyl-and 4-propenyl group wh en cftlculated from the pK values of the r espective phenol and guaiacol derivative and u nsubstitu ted compound agl'ee within experimen tal enOl'.
The above equ ation do es no t hold for 3-all yl-2-methoxyphenol sin ce the allyl group in t he 3-position will a ffe ct the interaction between t he methoxyl and the phenol gTOUp . The prin ciple of additivity of substituent effects for obtaining th e change of the free energies of ionization of 2,3-disubstituted b enzoic acids often leads to serious discrepancies between the calculated and observed values [21] . Similar discrepancies should occur for 2,3-disubstituted phell ols and even larger differ ences would b e expected for 2,6-disubstituted derivatives (6-allyl-2-metho xyphenol). The propenyl group with a 7r bond cO lljugated with the double bonds of the arom atic nucleus withdraws electrons from the rin g.
In p-propenylb enzoic acid th e -R r esonance effect of th e propenyl group is transmi tted to th e pant carbon atom of the ring by conju gfttion , but must b e r elayed to t he acidic -OH group by induction . On the other hand the 4-propenyl group is in direct resonance in teraction wi th phenolic OIL
••
H-O 0
CH=tSH-CH3
Departures from the H ammett equfttion have generally been obse rved for r eaction equilibria involving derivatives of anilines and phenols having -R groups pam to t he reaction center. For such reactions a secon d set of substituen t constftnts somewh:lt gr eater than the normal (J values and denoted by (J~ (the superscrip t c indicating direct conjugation) has been suggested [22] . This agreement of the sigma values derived from p-propenylbenzoic acid and from 4-propenyl-2-methoxyphenol should no t b e expected.
.3 . Reaction of the Eugenol Isome rs W ith Zinc Oxide
The four eugenol isomers were mixed with ZlllC oxide, and zin c oxide contai nin g 1 per cent zin c acetate to determine their l'el:ltive reactivities in the chelating reaction with zinc. Final setting times were determin ed at 37°C a nd 100 percent relative humidity accordin g to Americ:ln D ental Association Specification No .9 [23] . Results ar e given in t:lble 4 .
Slurries containing 6-allyl-2-methoxyphenol do not harden and those con taining 3-allyl-2-methoxyphenol set only in the presen ce of zinc acetate. 623 5-Allyl-2-methoxyphenol mixes, especially those containing zin c acet:lte hard en faster than eugenol mixes. The greatly reduced reactivity of the vicinally sub stit uted isomers as comp ar ed to the un symm etricall y s ubstit uted ones shows th:lt the chelation r eaction is gr eatly influenced by steric hindrance of the bulky neighboring allyl gTO UpS. Studies to determine if substitution of metals with sn1:1,11er atomic r adii th :ln zin c will reduce this steric effect would be of ill Letest.
TA ELE 4 .
Reactivill:es oj eugenol isomers with ZnO
Setti ng timo
ZnO _________ ________ ___ 4-a ll y l-2-mcthoxyphcIloL ________ 3 . .5
~3
(e u ge nol). ZnO + I% Zn (A e), ______ 4·all y !·2-methoxy phenoL ___ ___ .
. b J ni tiai sr Lti ng ti me in hours is the t ime e la psed fro m st arti ng t he mi x to t he time whe n t he point of a pe netrating instnJlllcnt s uch as t h e pOint o f a Gil more n eedl e makes onl y a sli ght b u t visible i nde ntation a fter pl acing t h e need le on the m ateria l for 5 so('.. r Did not harde n within 10 d ays.
Besides steric effects of the substituen t groups, th e ch elation reaction is also dependeJlt to :l lesser d egree on the ioniza tion co nsta nLs of the iso mers. Thus, 4-a11yl-2-methoxyphenol (eugenol) (pJ (= 10.19 ) is somewhat less re:lctive than 5-allyl-2-m eLhoxyphenol (ch:lvib etol) (pK= 10.02) .
For the reaction of the nucleophilic chelating agents (eugenol or ch avibetol) with zinc oxide the reaction co nstant p is likely to b e positive. Th e increased rate of setting of 5-allyl -2-methoxyphenol compared to 4-allyl-2-methoxyphenol would thus be expected sin ce in water the sigma value of the meta allyl-is sligh tly larger than that of t h e p ara allyl group [24] . R esults of this st udy would indicate that synthesis of new ch elate cements should b e directed towards d erivatives with un symmetric:llly su bstituted groups (1,2,4-and 1,2,5-s ubstituted benzene derivatives) .
